Industrial waste heat recovery: A systematic approach by Elliot Woolley (1258428) et al.
Contents lists available at ScienceDirect
Sustainable Energy Technologies and Assessments
journal homepage: www.elsevier.com/locate/seta
Original article
Industrial waste heat recovery: A systematic approach
Elliot Woolleya, Yang Luob, Alessandro Simeonec,⁎
a Centre for Sustainable Manufacturing and Recycling Technologies (SMART), Wolfson School of Mechanical, Electrical and Manufacturing Engineering, Loughborough
University, Loughborough LE11 3TU, UK
b Research Centre for Carbon Solutions (RCCS), Institute of Mechanical, Process and Energy Engineering, Heriot-Watt University, Edinburgh EH14 4AS, UK
c Intelligent Manufacturing Key Laboratory of Ministry of Education, Shantou University, Shantou 515063, China
A R T I C L E I N F O
Keywords:
Energy efficient manufacturing
Heat recovery
Decision support
A B S T R A C T
Globally one third of energy consumption is attributable to the industrial sector, with up to fifty percent ulti-
mately wasted as heat. Unlike material waste that is clearly visible, waste heat (WHE) can be difficult to identify
and evaluate both in terms of quantity and quality. Hence by being able to understand the availability of waste
heat energy, and the ability to recover, there is an opportunity to reduce industrial energy costs and associated
environmental impacts. A waste heat energy recovery framework is developed to provide manufacturers with a
four step methodology in assessing production activities in facilities, analysing the compatibility of waste heat
source(s) and sink(s) in terms of exergy balance and temporal availability, selecting appropriate heat recovery
technologies and decision support based on economic benefits. The economic opportunity for industrial energy
recovery is demonstrated in an industrial case study. The applicability of the framework for wider industrial
application is discussed.
Introduction
The need for improved energy efficiency in manufacturing is un-
questionable. Responsible for one third of global energy demand [1]
and set against the backdrop of increasing consumption and depleting
energy-rich fossil-based fuels, it is likely that the future will bring in-
creased energy prices and both short and long-term energy insecurities.
This is not an ideal situation for manufacturing and a response to this
threat is urgently required.
For manufacturers to reduce reliance on fossil-based fuels and at the
same time reduce environmental impact of their activities there are two
basic options: the use of renewable energy systems or the reduction of
energy consumption. The incorporation of renewable energy technol-
ogies is an increasingly attractive option as prices fall but are not sui-
table for all locations and investment costs can still be prohibitive. The
alternative, reducing energy demand, can be divided into three further
options: a reduction in total activity (e.g. [2]); better energy manage-
ment(e.g. [3]); and recovery and use of waste energy (e.g. [4]). A re-
duction in total activity can occur without detrimental impact on the
profitability of a company [5] but requires a significant change to the
business model and is not suitable for all company types [6]. Energy
management has been explored at a number of manufacturing levels
[7] and has been shown to be suitable for long, medium and short-term
energy consumption improvements. Energy recovery and use is founded
on the principle that energy is never actually consumed, it is only
converted from one form to another, and so there is a potential to
capture this and utilise it as an energy supply. This is best con-
ceptualised when considering the lifecycle of energy within a plant
(Fig. 1), where energy (typically waste heat) can be recovered closed
loop (reused back into the same process) or extended loop (recover into
the energy supply of the facility). Recovered energy, in effect, replaces
the need for a proportion of final energy demand by a facility.
The amount of useable energy is defined by its exergy, the compo-
nent of energy that can be used to carry out work within a system.
Additionally, most ‘waste’ energy available within a system is in the
form of heat (Fig. 2) which is typically of lower exergy than stored
chemical or electrical energy for example. Whereas energy within a
system remains constant, the amount of exergy always decreases and so
energy recovery must be undertaken in a well-informed manner to
minimise exergy loss and maximise benefits. The objective of this work
is therefore to create a framework for the identification and classifica-
tion of waste heat energy within a facility and to provide a decision
support tool to enable plant managers to make informed decision on the
type of technology required to capture and harness waste heat energy.
This paper begins with a brief review of current industrial energy
management and recovery used within industrial production facilities,
before defining a framework for evaluating opportunities for reuse and
recovery of energy within industrial environments. Both quantitative
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and qualitative descriptors are defined and a process established for the
comparison of available sources and sinks. Primarily targeted for dis-
crete production, the approach is also applicable to continuous pro-
cessing. A decision support process is described and demonstrated via
an industrial case study. The suitability of the framework is discussed in
the context of industrial applications.
Literature review
Energy efficiency is often overshadowed by economic efficiency,
particularly when it comes to decision making within industrial en-
vironments. It is true that not all energy efficiency improvements are
beneficial economically (i.e. they may require significant investment)
[9] but there are a wide range of energy efficiency improvements that
can be made across a manufacturing facility, of which some should
certainly lead to cost savings within acceptable time periods. Within
manufacturing energy using activities can be categorised under six le-
vels, five of which (turret, machine, machine cell, facility and en-
terprise) have been described by Vijayaraghavan and Dornfeld [10]
while a sixth level, business strategy, has been proposed [7] to in-
corporate ramifications from longer term decision making. A vast
amount of literature exists describing various approaches for reducing
energy consumption across these manufacturing levels (see [11;12] for
example). The levels are useful for focusing and categorising energy
management efforts, and can be adopted for describing the possibility
of energy recovery. On whichever level energy is used there is the
potential for energy recovery, be it from the heat generated from the
friction of material removal from a work piece at the turret level, or the
heat generated by the compressor pumps for pneumatic lines powering
a facility. However, in terms of energy recovery, the number of these
manufacturing levels is too great (e.g. there is little difference between
waste energy generated at the process level and at the cell level) and in
practical terms waste energy at the enterprise level would be too dis-
persed to harness (although some technologies exist (e.g.[13]) and the
business strategy level becomes irrelevant. In addition, there is the
potential to recover heat directly from a product which has been re-
cently processed (e.g. a freshly cast engine block). Therefore, instead of
the manufacturing levels described by [9], which are highly useful for
analysing energy inputs into a system, it is useful to adopt a set of
terminologies defined by Rahimifard et al. [14] called the 3P perspective
referring to Plant, Process and Product. Developed for energy model-
ling, these three perspectives can also be used to define potential output
sources of WHE and are useful for identifying possible waste heat flows
within a manufacturing facility (between the different perspectives). In
general, the highest temperatures, but smallest amounts of waste heat
are available directly from the product, with the lowest temperatures,
but greatest amount of heat being available at the plant level. This
implies that suitable sinks for waste heat recovery (WHER) are unlikely
to be found at a lower level, but could be identified at the same or
higher levels (Fig. 3). The three opportunities for energy recovery then
are for it to be reused for the same purpose recovered for another use
within the factory or reutilised for energy storage or power generation
(i.e. electricity).
Given this backdrop of energy recovery technologies and the 3P
perspective for WHER, it has been identified that there is need to create
an economic model that successfully ‘bridges’ available WHE sources
with suitable, potential WHE sinks [15]. In support of this, it has been
shown that it is more economical to recover heat for transfer to a sink
rather than to invest in heat pumps or convert the heat into other forms
such as electricity [16]. It is also preferable to reuse the heat in the
same process, or a sink in the immediate facility, to avoid the cost of
pipework, ducts and auxiliary equipment which themselves, also lead to
thermal losses. Further, heat exchangers have been proposed as one of
the best systems for recovering WHE energy [17,18], and for these,
there needs to be an emphasis on matching heat sources with heat sinks.
Such research supports the idea of reusing WHE energy within the same
level (shown in Fig. 3) and where this is not possible, cascading it to the
next level.
Energy recovery has been investigated for a range of different in-
dustrial sectors including aluminium casting [19], steel production
[20], low grade heat from the food manufacturing [21] and district
heating [22] with many other sectors, such as cement, glass, chemicals
and ceramics having been highlighted as ideal for low grade energy
recovery [23].
Clearly, this is an active area of investigation and the number of
installation of WHER technologies continues to increase [24]. However,
Fig. 1. Life cycle of energy in a manufacturing facility.
Fig. 2. 2016 Energy consumption in UK manufacturing industry by type (Data from Department of Business, Energy and Industrial Strategy, [8]).
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there does not appear to be a core methodological approach to the
assessment of potentials for recovery of WHE energy and the perceived
complexity could be regarded as a barrier to implementation. The work
presented in this paper seeks to establish a systematic approach to as-
sessing and appraising potential options for WHE energy recovery
within industry.
Waste heat recovery framework
The task of identifying and assessing opportunities for recovery of
WHE energy within manufacturing facilities can be quite complex,
particularly if the solution with the most benefit (e.g. energy saving,
return on investment) is to be selected. Given the large size and com-
plexity of many manufacturing facilities, it is not straight forward to
understand which are the most suitable WHE energy sources, and
where might the potential sinks be. Even if these can be identified, the
process of assessing compatibility (e.g. temporal and energy avail-
ability) between a number of sources and sinks can be highly compli-
cated [28]. And finally, even if these assessments can be made, the
selection of the most appropriate technology from the broad range of
options available is difficult.
In this respect there is a need for a structured, assisted methodology
to enable the relevant managers to be able to undertake assessments
and inform decision making regarding investment in energy recovery
technologies. In this research a structured framework has been devised
in order to collect, collate, assess and produce relevant data to support
industrial investments in WHE energy technologies. The structure of the
framework is derived from a survey-assess-decide approach which has
been proposed for the proposed for the waste management sector
[25,26] and is an extension of the work presented in [27]. The frame-
work is in four distinct phases which can be summarised by the fol-
lowing and is shown in Fig. 4:
1. Survey of WHE sources and potential sinks in facility.
2. Assessment of WHE quantity and quality.
3. Comparison of key parameters from a database of available tech-
nologies.
4. Decision support and recommendations.
These individual stages are further described in the following sec-
tions with respect to the information flow required to inform invest-
ment decisions within manufacturing business.
In addition their structure around information flow lends the fra-
mework to implementation via a computerised system which has three
main advantages: potential for a user-friendly interface, competent
handling of complex, multi-parameter calculations (including use of
neural networks) and ability to store and look-up data from large da-
tabases.
Survey of waste heat sources in facility
The first stage of the framework requires a site survey to be un-
dertaken to establish the most likely thermal sources and sinks which
may be utilised for energy recovery. Information should be recorded at
the product, process and plant perspectives for the largest WHE pro-
ducing activities (these will normally be known to the site managers),
the number of sources identified being commensurate with the size and
activities of a facility. Data acquired from this step will be both nu-
merical and descriptive which is then fed into the next stage of the
framework for conversion and categorisation into standardised de-
scriptors (see Table 1) that can be interpreted by a decision making
algorithm. During the survey, potential sinks for the WHE energy
should be identified and the descriptions recorded accordingly. It is
preferable to identify at least as many potential sinks as sources to in-
crease to opportunity for recovering more WHE energy. WHE surveys
should be carried out prior to making any new decisions on recovery of
WHE within a facility and periodically (e.g. annually) to ensure the
continued relevance and function of any installed WHER systems.
Fig. 3. 3P perspective for WHE.
Fig. 4. Framework for energy recovery assessment.
Table 1
The descriptors used in the waste heat recovery framework.
Quantitative descriptors
Temperature difference Between source and potential sinks
Available energy (exergy) Component of energy available to carry out work
Temporal availability Profile of available energy with respect to time
Qualitative descriptors
Carrying medium The solid or fluid within which the waste heat
resides as it leaves a process or service
Spatial availability Description of accessibility of waste heat
Risk of contamination Indication of special requirements for treatment of
waste heat energy
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A facility-wide energy audit or useful data may already exist as part
of an increased level of automation and monitoring by the manu-
facturers and some of this data may be reused. If additional data is
required there are three preferred approaches to which data collection
for the survey of WHE sources can be carried out by the energy or
environmental manager of a particular facility. These approaches con-
sist of empirical measurement, data acquisition from equipment man-
ufacturers’ specification or factory’s existing database, and theoretical
calculation, with the first typically being the most accurate and the last
the least accurate.
It is appreciated that for the first undertaking of the survey, suffi-
cient quality data may be difficult to obtain for a large facility. It is
expected that once the survey has been completed, future iterations of
the survey or gathering of data for improvements to the facility will be
more easily manageable
For a hypothetical facility in which two sources and two sinks may
be identified might produce data for a 24-h period as shown in Table 2.
The data required from the survey includes:
• Stream media for sources and sinks.
• The inlet and outlet temperatures for hot streams (sources), re-
spectively Th,in and Th,out (°C).
• The inlet and outlet temperatures for cold streams (sinks), respec-
tively Tc,in and Tc,out (°C).
• The ambient temperature, Tamb (°C).
• The volumetric flow rate for sources and sinks, V̇ (m3/s).
Assessment of waste heat quantity and quality
In this stage the acquired data is used to assess the WHE energy
sources and sinks identified within a facility. Evaluating a combination
of qualitative and quantitative descriptors of the available WHE energy
ensures more effective matching of potential heat recovery solutions
with the available sources. The data analysis and computation module
can be represented by the flow chart reported in Fig. 5
Source and sink selection
The first step in the assessment is to compute a list of all the possible
combinations of sources and sinks in order to identify the source(s) and
sink(s) pairs that maximise WHER. For example, in the hypothetical
case study involving two sources and two sinks, there are nine possible
combinations, as reported in Table 3.
For each combination, the source and sink power, respectively, is
calculated as follows:
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= ⎡⎣ ⎤⎦c specific heat capacityp
J
kg·K ,
T[0, ] is the time window defined by the user in the previous stage.
The exergy values of source and sink can be calculated as the in-
tegral of the power over the time window taken into account, as re-
ported in the formulas below:
∫=Exergy Power t dt( )source T source
0 (3)
∫=Exergy Power t dt( )sink T sink
0 (4)
Temporal availability
In order to compute the recoverable energy it is necessary to con-
sider the temporal availability of WHE energy with respect to the re-
quired energy by the sink. Therefore an Overlap function O(t) for a
given combination of source(s) and sink(s) is defined as follows:
= ⎧⎨⎩
<
⩾O t
Power t Power t Power t
Power t Power t Power t( )
( ), ( ) ( )
( ), ( ) ( )source sink
sink sink source
source sink source, (5)
The recoverable energy, i.e. exergy, for a given combination of
source and sink is defined as the integral of the Overlap function over
the time window [0,T]
∫=Exergy O t dt( )source sink T source sink,
0
,
(6)
Once the exergy for combinations of sinks and sources can be es-
tablished, then it is possible to proceed with a comparison between the
different possibilities for WHER within a facility (e.g. as shown in
Table 3 (sinks and sources)). An example of overlap function and exergy
plot is reported in Fig. 6 for combination #1 (source No.1 matched with
sink No.1+ sink No. 2). In order to assess the recoverability of the
WHE, a series of indexes has been devised and can be calculated:
The Recovery Index, RI, is defined as the ratio of recoverable energy
(Exergysource,sink) to total available energy (Exergysource) in the specified
time window, representing the maximum fraction of source energy that
it is possible to capture,
< = <RI Exergy
Exergy
0 1source sink source sink
source
,
,
(7)
The Waste Index,WI, is defined as the ratio of unrecoverable energy
to total available energy in the specified time window,
< = − <WI RI0 1 1source sink source sink, , (8)
Utilisation Index, UI, is defined as the ratio of recoverable energy to
total available sink (Exergysink) in the specified time window, re-
presenting the percentage of the energy required by sink that is met
from the source.
< = <UI Exergy
Exergy
0 1source sink source sink
sink
,
,
(9)
Using these indexes, it is possible to then rank the possible source
and sink combinations based on the fraction of energy that could be
recovered as shown in Table 4.
The list of combinations is ranked according to the Recovery Index
and the Utilisation Index. These indexes are useful for determining the
best match between sources and sinks for WHER, but not necessarily
identifying the pairings that recover the most energy. In this respect the
results should be considered in conjunction with the outputs of the
Overlap function.
Selection of appropriate technology
The types of suitable technology for a particular scenario will de-
pend on the specific properties of WHE source. It is essential to define
the selection criteria for the available heat recovery technologies which
consist of four predominant properties: heat transfer mechanism,
Fig. 5. Computation Module created in MATLAB®.
Table 3
Sources and sinks combinations list for a two sources and two sinks scenario.
# Sources column Sinks column
1 Source 1 Sink 1+ Sink 2
2 Source 1 Sink 2
3 Source 1 Sink 1
4 Source 1+ Source 2 Sink 1+ Sink 2
5 Source 1+ Source 2 Sink 2
6 Source 1+ Source 2 Sink 1
7 Source 2 Sink 1+ Sink 2
8 Source 2 Sink 2
9 Source 2 Sink 1
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medium of WHE carrier, size of the equipment and operating tem-
perature range. With the defined properties of WHE and heat recovery
technology, matching and comparison can be carried out.
The results from the WHE quantity and quality assessment can be
used to filter the range and number of technology options from a list
contained, for example, within a database. This process yields a list of
feasible technology solutions which score similar in the comparison of
criteria. The output results of this stage are useful in the next stage of
the framework, which carries out environmental and economic analysis
methods to further compare between the selected technology solutions
to support decision making. In the current work, environmental ana-
lysis extends only to carbon foot printing as a suitable and common
proxy.
In this research a database was extracted from ESDU 92,013
Selection and costing of heat exchangers [29] to provide detail on a
range of potential heat exchangers that could be used to link WHE
sources and sinks. It is recognised that for wide scale uptake of the
current methodology, up-to-date databases of suitable energy recovery
technologies would need to be developed, maintained and made
available. In this respect a hub-style approach to data processing and
database provision may be most feasible for the described metho-
dology.
In order to exclude the non-compatible heat exchanger types, three
conditions must be verified simultaneously:
<p p |source max HEtype (10)
>T t Tmin( ( )) |c in min HEtype, (11)
<T t Tmax( ( )) |h in max HEtype, (12)
where the maximum pressure, pmax, and the operating temperature
limits, Tmin and Tmax, are reported in Table 5 for the heat exchanger
types included in the database.
Each combination of source(s) and sink(s) will ideally be compatible
with one or more heat exchanger types. The compatible heat ex-
changers for the current example are listed in Table 6.
Decision support and recommendations
It is of interest to manufacturers to be able to evaluate the potential
impact of their decisions. A financial analysis calculates both the an-
nualised net financial benefit and overall payback period. For small
scale WHER technology with low capital cost, a rough estimate of the
economic return should be sufficient to justify investment, whilst for
larger WHER systems with integrated components, where there is a
high capital cost, a full appraisal should be carried out.
Environmental considerations utilising this method are currently
limited to impacts associated with the direct displacement of current
energy supply (e.g. in terms of CO2 reduction), but wider lifecycle
impacts may also be of interest. Production, installation, maintenance
and disposal of heat exchangers, for example, may have a non-
Fig. 6. Exergy and temporal availability plot for source No.1 matched with sink No.1+ sink No. 2.
Table 4
Combinations ranking according to the RI followed by the UI.
Sources Sinks RI WI UI
Source 1 Sink 1+ Sink 2 1.000 0.000 0.905
Source 2 Sink 2 1.000 0.000 0.512
Source 2 Sink 1+ Sink 2 1.000 0.000 0.322
Source 1 Sink 2 0.891 0.109 0.838
Source 1+ Source 2 Sink 1+ Sink 2 0.874 0.126 0.953
Source 1+ Source 2 Sink 2 0.742 0.258 0.875
Source 1 Sink 1 0.544 0.456 0.950
Source 2 Sink 1 0.509 0.491 0.494
Source 1+ Source 2 Sink 1 0.320 0.680 0.978
Table 5
An example selection of compatible heat exchangers types for each combination
of source(s) and sink(s).
HE type pmax (bar) Tmin (°C) Tmax (°C)
Air cooled 500 0 600
Double pipe 300 −100 600
Brazed plate 16 0 200
Plate fin 100 −273 150
Printed circuit 1000 0 800
Shell and tube 300 −25 650
Welded plate 60 0 700
Plate 10 −25 175
Table 6
Compatible heat exchangers for the various source and sink combinations.
Solution # Sources Sinks Technology
1 Source 1 Sink 1+ Sink 2 Air cooled
2 Source 1 Sink 1+ Sink 2 Double pipe
3 Source 1 Sink 1+ Sink 2 Printed circuit
4 Source 1 Sink 1+ Sink 2 Shell and tube
5 Source 1 Sink 1+ Sink 2 Welded plate
6 Source 2 Sink 2 Air cooled
7 Source 2 Sink 2 Double pipe
8 Source 2 Sink 2 Printed circuit
9 Source 2 Sink 2 Shell and tube
10 Source 2 Sink 2 Welded plate
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negligible impact in applications where energy recovery is at a low
level or where the displaced energy already has a low carbon footprint.
Once the compatible heat exchangers types have been identified, in
order to estimate the cost and other relevant parameters, the heat load,
Q, needs to be ascertained for each potential solution. For this purpose,
it is possible to define the following parameters:
Source related parameters:
• =α Flow rate density
• =β Tmax( )h in,
• =γ Tmin( )h out,
Sink related parameters:
• =φ Flow rate densitymean( )
• =ε Tmin( )c in,
• =δ Tmax( )c out,
Q is readily determined from the enthalpy change of the hot stream:
= −Q α ρ C β γ RI· · ·1000·( )·source p source, (13)
For a constant overall heat transfer coefficient and for constant
specific heat capacity of the fluid streams, the mean temperature dif-
ference is equal to the logarithmic mean temperature difference given
by:
= − − −−
−
T β δ γ ε
log
FΔ ( ) ( ) ·m
e
β δ
γ ε
T
(14)
where FT represents the logarithmic temperature difference correction
factor.
At this point, it is possible to calculate the Cost Factor, C, as re-
ported by Hewitt and Pugh [23] by accessing the database using the Q
TΔ m
ratio value:
= ⎧⎨⎩
+ ⎫⎬⎭
C exp log C
log C C log Q T Q T
log Q T Q T
( / ) [( /Δ )/( /Δ ) ]
(( /Δ ) /( /Δ ) )e
e e m m
e m m
1
1 2 1
1 2 (15)
where C1 and C2 are the C values (retrieved from a database for all the
heat exchanger types for a given value of Q
TΔ m
) of the particular hot and
cold side streams pairing at (Q/ ΔTm)lower and (Q/ ΔTm)upper, respec-
tively. The subscripts 1 and 2 correspond to the upper and lower bound
values of the database [29]. This C value method allows the comparison
between heat exchangers with respect to heat duty (Q) and the avail-
able temperature driving force ( TΔ )m , which are related to the process
specification.
In the comparison shown in Table 7 below, where values of Q/ΔTm
is assumed to be 3000W/K, therefore the lower and upper bound levels
of 1000 and 5000 are chosen. Based on the corresponding C1 and C2
values, using a double-pipe heat exchanger as an example, the overall C
value is determined as follows:
= ⎧⎨⎩
+ ⎫⎬⎭
=C exp log log log
log W K
2.8
(2.8/1.4) [(3000)/(1000)]
(1000/5000)
1.74 £
/e
e e
e
(16)
It is also possible to calculate the heat exchanger area as follows:
=A Q T
U
/Δ m
(17)
where U=heat transfer coefficient, retrieved from the database
through logarithmic interpolation. The cost of several different heat
exchangers for the present example are shown in Table 7.
An important parameter for heat exchanger selection is the heat
exchanger volume V (m3), calculated as follows:
=V A
σ (18)
where σ=Surface area per unit volume, retrieved from the database
[m2/m3].
Finally, it is possible to predict the financial payback period based
on the cost of the heat exchange, the expected auxiliary costs, Caux, and
the expected annual cost saving, Cas:
= +P Q C C
T C
( · )
Δb
aux
m as· (19)
Decision makers within industry are thus able to use the outputs of
this methodology to support strategic investments in WHER technolo-
gies in conjunction with other relevant factors which may apply to
specific manufacturing plants and industrial sectors. Again, it is ap-
preciated that for industrial application, the empirical model described
could be seen as rather complex and inaccessible for some potential
users, however the method could be implemented by external expertise
either through consultancy or via other commercial or governmental
schemes. Issues with in-house skills, access to metering equipment and
relevant databases would therefore be overcome.
Case study
The following industrial case study is provided to demonstrate the
applicability and benefit of the presented WHER framework. The study
is concerned with the operation of a cupola within an engine casting
plant. The data used comprises of original data from a commercial
company and from published literature which has been referenced
where the desired information was not available from the company.
An initial survey of the casting process revealed four main sources of
heat loss:
• Heat losses from the exhaust discharge.
• Heat transported out of the equipment by the load conveyors.
• Radiation losses from openings, hot exposed parts.
• Heat carried out by the excess air used in the burner.
WHE losses from the exhaust were considered the highest priority
due to the high temperature gas discharge which varies from as low as
13 °C to as high as 578 °C (for the observed period). Combustion pro-
ducts themselves, generated from well-designed and well-operated
modern burners using gaseous and light liquid fuels, are relatively clean
and do not contain particles or condensable components that may re-
quire filtering before discharging into the atmosphere. However in this
particular case, since the furnace uses coal as its main fuel as well as a
reaction reagent, the combustion products may react with materials
used in the construction of downstream WHER equipment and poten-
tially create problems if not treated appropriately. Potential issues in-
clude chemical reaction of exhaust gases and their solid or vapour
content with the materials used in the WHER. Many of these problems
are compounded by the high temperature of the exhaust gases and
uneven flow patterns of the hot gases.
Table 7
Cost of heat exchangers per typology.
Heat
exchanger
type
C1 & C2 values (£/(W/K)) Overall
C value
Costs (£)
Q/ΔTm=1000W/K Q/ΔTm=5000W/K £/(W/K) ×Q T C/Δ m
Double-
pipe
2.8 1.4 1.74 5220
Shell-and-
tube
4.89 1.56 2.24 6720
Printed-
circuit
12 3.6 5.28 15,840
Welded-
plate
5.6 2.54 3.26 9793
E. Woolley et al. Sustainable Energy Technologies and Assessments 29 (2018) 50–59
56
During the survey two potential sinks for the WHE from the exhaust
were identified (based on location and heat requirement). These sinks
were pre-heating of the combustion air for the cupola and a heat supply
for the molten iron holding tank.
Data has been recorded over a one week period, but for some of the
data (e.g. exhaust temperatures) the reporting time was not regular and
so the data was interpolated to provide a resolution of one minute. The
production campaign is weekly and begins late on a Sunday to warm up
the furnaces ready for production on Monday morning. Eight 10 h shifts
(two per 24 h) are conducted during the production campaign which
ends on Thursday for cleaning and maintenance.
Q1 values can be calculated using equation (20). For the exhaust
gas, there is clearly no specific pre-defined value for Cp and so this was
determined based on the gas composition. Information regarding the
flow rate of the exhaust gas was not available and so this was calculated
from the flue-gas stack effect analysis:
= −V CA gHT T
T
̇ 2 i o
i (20)
where:
V ̇= flue-gas flow-rate, m3/s
A=cross-sectional area of stack, m2
C=discharge coefficient (taken as 0.7)
g=gravitational acceleration at sea level, 9.807m/s2
H=height of stack, m
Ti=absolute average temperature of the flue gas in the stack, K
To=absolute outside air temperature, K
The equation assumes that the molar mass of the flue gas and the
outside air are equal and that the frictional resistance and heat losses
are negligible. Hence, the flow-rate was calculated as 18.05m3/s. An
excerpt of the data recorded for the source and two sinks is presented in
Fig. 7.
As can be seen from Table 8, there are three potential combinations
for coupling sink and sources in this study. The second option can be
discarded based the grounds of low energy recovery (RI= 0.139). De-
spite the variation in RI, the UI for all options is close to 1, indicative
that the waste energy available from the source largely exceeds that
required by the two sinks for any period of time for which data has been
recorded.
The exergy amount is calculated based on the inlet and outlet
temperature of the WHE source and sink provided by the manufacturer.
Each combination of source and sink(s) will be compatible with one or
more heat exchanger types. The compatible heat exchangers for the
potential solution Source 1 with Sink 1 plus Sink 2 (which has the
highest RI) are listed in Table 9 alongside their estimated costs, eval-
uated using the C-value method [30].
The result of the application of this framework to the current case
study reveals that provided sufficient space is available a shell and tube
heat exchanger would provide the best return on investment for the
casting plant, whilst an air-cooled heat exchanger may be an option if
spatial restrictions apply. Any potential CO2 savings can be calculated
based on the displacement of energy requirements for the pre-heating of
the combustion air for the cupola and a heat supply for the molten iron
holding tank.
The calculation of the recovery indexes is typically based on large
datasets and so less susceptible to data variability. The calculation of
the C value is important for the accuracy of the calculation of economic
payback time and should therefore be devised carefully when compiling
a database of heat recovery technologies.
The case study provides evidence of the applicability of the pre-
sented framework to an industrial problem and therefore such an
analysis can be used during technology selection for optimised energy
recovery and financial payback assessment.
Concluding discussion
The recovery of WHE energy in industry is potentially more eco-
nomically viable than the installation of renewable energy technologies
and other mechanisms for reducing overall energy consumption across
a facility. Because of the often low-tech solution required to harness the
energy, the approach is generally accessible for most companies and
payback times can be relatively short (of the order of two years).
However identifying the best opportunities for energy recovery within a
facility is not straight forward and the work presented here provides a
structured process for analysing energy outputs, comparing potential
sources and sinks and selecting and evaluating energy recovery tech-
nologies.
The four stage framework presented here offers a piecemeal ap-
proach to selecting the most appropriate solution for a particular sce-
nario and is therefore suited to industrial application. The survey re-
quires the skill level currently commonplace in most manufacturing
industries, whilst the second stage (assessment of WHE quality and
quantity) is more complex. Of particular difficulty in this stage is the
exergy and temporal analysis and to this end, a piece of software has
been coded in MATLAB® to assist with the comparison between sinks
and sources, and to generate the WHER indexes. These indexes have
Fig. 7. Sample of recorded data for Source 1 and Sinks 1 and 2.
Table 8
Potential combinations for coupling sink and source.
Sources Sinks RI WI UI
Source 1 Sink 1 0.472 0.528 0.999
Source 1 Sink 2 0.139 0.861 0.999
Source 1 Sink 1+ Sink 2 0.611 0.389 0.999
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been shown to be useful in selecting the most appropriate matches
between sources and sinks.
Stage three of the framework requires a database of available
technologies to compare with the source-sink matches. In this work a
database relating only to heat exchangers was utilised (by importing to
MATLAB®) which has limited the potential solutions in the case study.
However, with the generation of other databases (e.g. for thermo-
electric devices, heat engines, storage devices), the capability of the
present framework could be much increased. The generation of such
databases is not too onerous a task provided sufficient information is
available from the commercial field, although they would need to be
maintained to ensure that the most up-to-date technologies are included
for assessment.
It should be realised here that in the case of the utilisation of energy
storage technologies, the temporal availability of energy plays a less
important role since sources and sinks do not need to match so closely
in this respect. However the alignment of availability and requirement
will determine the type and size of energy storage needed. In general,
the use of energy storage will still require some form of energy con-
version technology.
The final stage of the framework uses the potential energy recovery
from the technology and its predicted purchase and maintenance costs
to calculate a financial payback period. The CO2 saving is deducible
from the type and amount of energy predicted to be displaced within
the facility.
Given the framework descried in this research, there are three sce-
narios where using this decision support tool could be utilised to im-
prove overall plant energy efficiency:
• Recovery of WHE energy within an existing manufacturing plant
(demonstrated in the present case study);
• Implementing WHER within a reconfigurable manufacturing system
(where regular analysis and system changes would be required);
• Process design stage of a manufacturing system with WHER con-
sideration.
It is considered therefore that the framework could be widely ap-
plicable to old and new facilities alike and provides a method for re-
latively quickly deciding upon whether energy recovery might be a
suitable investment and more specifically which technologies would be
most suitable for various scenarios. The framework could be considered
onerous to potential users if relevant skills, energy meters and/or data
does not already exist within a company, and for these reasons it is
suggested that application of the WHE assessment method could be
implemented by a third party.
There are some technical limitations to the framework in its current
format which could direct further development:
• The life-cycle environmental impact of energy recovery technologies
are not considered in the current framework – only the energy/CO2
savings to the host organisation – therefore true environmental
benefits/deficits are not revealed.
• The framework relies on historical (or simulated) data to match
sources and sinks and determine the most appropriate technologies
for energy recovery. This works best for facilities that operate con-
sistently over long periods of time and less well with highly dynamic
facilities which might for example run short and varied production
campaigns (e.g. such as those described by Industrie 4.0).
• The software which has been created to help implement the fra-
mework still requires some expertise (in MATLAB®) to operate, and
so for distributed use, further developments are required in addition
to the generation of up-to-date energy recovery technology data-
bases.
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